Getting the drift. Laser light tuned slightly below resonance excites a molecule moving away from the laser (red sphere on the right) and increases its size. The molecule is slowed down by collisions with buffer gas because of its larger size. A molecule in the same level moving toward the laser (red sphere on the left), however, is not excited and keeps moving with the normal speed.This causes a net drift toward the laser of molecules with selected spin modification.The increase of the molecular size is greatly exaggerated for clarity. [Adapted from (8)] 
divergence dates not falling well within the Precambrian.
Is the conclusion drawn by Rokas et al. sound? At first glance, it appears so, but can their conclusion stand up to closer scrutiny? Accepting that the genes analyzed by the authors evolved without gene duplication and that the amino acids are aligned correctly, most phylogenetic methods assume that the evolutionary dynamics of the 12,060 amino acid sites are independently and identically distributed, and that they evolved under the same stationary, reversible, and homogeneous conditions (8) . The assumptions arise from the need to render phylogenetic methods tractable and easy to use, and they are unlikely to be realistic. To account for the observation that the sites in a gene may evolve at different rates, some phylogenetic methods are able to model rate heterogeneity across sites using a Γ distribution (9) . Rokas et al. used this approach for the whole alignment but did not consider that different parts of the alignment may require different Γ distributions. Nor did they consider that some sites may vary nonindependently (10) and that the distribution of variable sites may vary across lineages and through time, an issue that is notoriously difficult to resolve (11) . A logical extension to the work would be to partition the alignment and estimate the evolutionary rates for different genes separately.
Violation of the assumed stationary, reversible, and homogeneous conditions may lead to compositional differences in the aligned amino acid sequences and hence to errors in phylogenetic estimates (12) . Rokas et al. recognized this potential source of error but used a test that is known to be flawed, even though better tests are known (13) . Furthermore, they chose a phylogenetic method that, while it accounts for compositional variation in the sequence alignment, is unsuitable: It assumes that the sites are independently and identically distributed, which they have already shown not to be the case. Moreover, they used a single Markov (probabilistic) model to analyze the alignment of amino acids, in effect using a "one size fits all" approach, where it would have been better to use several Markov models to capture gene-specific differences in the evolutionary processes (14) .
Rokas et al. used nonparametric bootstrap and posterior probabilities to gauge support for the pattern and order of speciation events (branches in their phylogenetic tree). The former is widely recognized to be statistically unwise. Bootstrap values are estimates of the expected frequency with which speciation events (internal branches) occur in the optimal tree, using data constructed from the original alignment by sampling sites with replacement (15) . It is not a measure of accuracy or confidence, but of data consistency. Further, the increase in bootstrap value when more genes are included may be misleading, because longer sequences naturally tend to have higher bootstrap values (see the figure) . The posterior probabilities of speciation events being correctly identified are also prone to error when the phylogenetic assumptions are violated in the sense described above.
In light of these concerns, are the conclusions of Rokas et al. justified? Should we ignore their study? Most certainly not, because they have produced a wealth of data and have shown that it might just be possible that the fossil record can be reconciled with molecular data. This, in itself, should be cause for celebration and an incentive to acquire sequence data from the remaining 26 animal phyla. Likewise, it should encourage development of methods that assess when data violate phylogenetic assumptions, and that cope with such data. To achieve these goals, we need to know more about the structure and function of gene products before we can develop models that appropriately address the early evolution of animals.
T
he relationship between organismal development and aging has long been a matter of intense debate. It seems natural to posit that developmental timing mechanisms that culminate in reproductive maturity continue to affect post-reproductive biology, with consequences for total organism life span. On the other hand, evolutionary theories of aging discount regulated aging per se, because the force of selection declines with age and drops precipitously after reproductive potential ends. In other words, a program that actively ages the organism is unlikely to be selected for in evolution. Instead, aging is thought to entail the passive stochastic accumulation of damage to molecules, cells, and organs, leading to loss of fertility and organismal demise. Therefore, the notion that regulated intrinsic biological timers control aging seems superficially untenable.
Just this possibility, however, has been raised by Boehm and Slack on page 1954 of this issue (1) . The have found that components of a nematode's (Caenorhabditis elegans) heterochronic circuit-namely the lin-4 microRNA and its target, the nuclear protein encoded by lin-14-not only perturb developmental timing but also influence organismal life span. They do so by regulating insulin/IGF-1 (insulin-like growth factor-1) signaling, a cellular regulatory pathway whose modest decrease in activity leads to increased longevity across taxa (2) .
Just as each cell in a developing organism has a positional identity that is determined by gradients of morphogens and hierarchies of transcription factor activity, cells also have a temporal identity dictated by regulatory signaling cascades. Pioneering work in C. elegans led to the discovery of the heterochronic loci (3), which constitute a regulatory circuit that confers temporal identity to the various tissues. These genes determine cellular programs of division, migration, and differentiation that are appropriate for a specific developmental stage. In addition, the interactions among these heterochronic loci ensure the proper succession of larval temporal fates. Normally, C. elegans develops to adulthood through four larval stages, L1 to L4. Worms with mutations in the heterochronic loci inappropriately express cel-lular programs at the wrong stage that could result, for example, in the expression of adult features in the juvenile or conversely, juvenile features in the adult. A molecular analysis has revealed that most heterochronic loci are evolutionarily conserved. Perhaps most striking are the examples of lin-4 and let-7 microRNAs, short 21-to 24-nucleotide RNAs that posttranscriptionally regulate gene expression (4) (5) (6) . First discovered in the worm, orthologs are found conserved across species, including human (7) . This spawned the discovery of large families of similar molecules whose diverse functions are only just beginning to be explored. As part of an early larval timer, a rise in lin-4 microRNA expression triggers larval stage L2 and later developmental programs by decreasing the expression of a molecular target, lin-14. It does so by binding with imperfect complementarity to sequences in the 3´-untranslated region of the messenger RNA (mRNA) that encodes lin-14, inhibiting translation and mRNA stability (4, 5) . A decrease in the expression of lin-14 mRNA and protein is seen in the developing worm, but expression persists in some tissues in the adult.
However, the role of lin-14 and other heterochronic loci in the adult worm has been little explored, largely because cells of the adult are postmitotic (except for germline cells) and therefore do not display any overt stage-specific cellular programs. Clearly, though, adult animals undergo germline maturation, growth, homeostasis, and metabolic changes, as well as seemingly coordinated shifts in gene expression (8) . Conceivably, such changes could arise from intrinsic timing mechanisms at work in the adult. Hence, Boehm and Slack sought to test the hypothesis that the heterochronic loci influence adult longevity.
Remarkably, they found that overexpression of lin-4 microRNA results in a modest increase in adult life span (by 15%), and conversely, that loss of a functional lin-4 gene shortens life (by 53%). These adult phenotypes, as in larvae, depend on lin-14. Worms lacking a functional lin-14 gene (loss-of-function mutants) were longlived (by 28%), whereas those that overexpress lin-14 (gain-of-function mutants) were shortlived (by 63%). In worms lacking both lin-4 and lin-14, the long-lived lin-14 phenotype largely prevailed (a life span 14% longer than wild type), suggesting that lin-4 works at least in part through lin-14. Similarly, the developmental phenotypes of lin-14 mutants (precocious) prevail over lin-4 (delayed) in the lin-4 lin-14 double mutant worms. The fact that the same epistatic relations hold for lin-4 and lin-14 in both the developing larva and aging adult supports the idea that a similar regulatory pathway is at work.
The question then arises as to whether longevity is determined by developmental events or adult events. To address this, Boehm and Slack took advantage of conditional manipulation of lin-14 expression. By using a temperature-sensitive allele, they bypassed developmental defects and performed shifts to the nonpermissive temperature that caused a decrease in lin-14 expression in the adult. Interestingly, postdevelopmental temperature shifts still caused extended life span. Accordingly, decreasing lin-14 expression by RNA interference in adults also extends life, which suggests a function independent of development and specific for adults. As correlates of longevity, lin-14 loss-of-function mutants were found to be more resistant to heat stress and slower to accumulate lipofuscin, a marker of aged tissues.
Molecular genetic studies first identified insulin/IGF-1 signaling as a key modulator of nematode life span (9, 10) . Remarkably, the same was later shown to be true for flies and mice (2). Specifically, decreased insulin/IGF-1 signaling results in the nuclear translocation of a transcription factor called DAF-16/FOXO. This transcription factor turns on genes for stress resistance, DNA repair, innate immunity, and heat shock, and, as a consequence, the worm's life span is doubled.
Given the central role of insulin/IGF-1 signaling in aging, Boehm and Slack asked whether lin-4 and lin-14 impinged on this pathway. Indeed, they found that worms with a mutation in daf-16 as well as in hsf-1, a longevity gene encoding a transcription factor for turning on heat shock proteins, abolished longevity mediated by lin-14. Moreover, longevity of a worm with a mutation in daf-2, the gene encoding the insulin-like receptor, was not further increased by a loss-of-function mutation in lin-14. Finally, a short-lived lin-4 mutation largely suppressed the longevity of the daf-2/insulin-like receptor mutant, placing lin-4 activity downstream or parallel to that of the receptor. These genetic studies argue that lin-4 and lin-14 could somehow regulate daf-16 via insulin/IGF-1 signal transduction or a parallel signaling pathway (see the figure) .
The union of signaling pathways that control developmental timing and life span is not without precedent, because the worm nuclear hormone receptor DAF-12 operates in both (11) . However, if a conserved microRNA and its target converge on DAF-16/FOXO to influence adult longevity, this raises the intriguing notion that intrinsic developmental clocks can modulate aging. Alternatively, lin-4 and lin-14 may have undescribed metabolic outputs somewhat independent of a timer. Notably, the heterochronic circuit is initialized by food cues, with nutrient inputs at distinct points of L1 and L3 diapause, periods of arrested development entered under conditions of starvation. In particular, both lin-4 and daf-16 are required for entry into the L3 dauer diapause, which is a long-lived stress-resistant stage.
In Finally, how might the paradox of intrinsic timers and "regulated" aging be reconciled with the evolutionary theories of aging? One possibility is that the tempo of reproductive development needs to be coordinated between the tissues, as well as with nutrient availability and the environment. signaling pathways that delay reproduction and increase somatic endurance could adaptively retard organismal decline. When exercised in the adult, such mechanisms could secondarily extend life. Another notion is that developmental timing mechanisms that determine a species' life plan may somehow influence the life span. Perhaps the great natural variation in animal life spans is determined by such global temporal regulators.
M
olecules with identical nuclei having nonzero spin can exist in different states called nuclear spin modifications by most researchers and nuclear spin isomers by some. Once prepared in a particular state, the arrangement of spins can in principle convert to another arrangement. The concept of nuclear spin modifications in molecules (1) is intriguing to chemists because interconversion between different spin states is often slow enough to be considered negligible for many purposes. This in turn allows one to treat different spin modifications as though they were different molecules both in terms of spectroscopy and collision dynamics. In addition, these spin modifications are associated one-to-one with different rotational levels in the molecule. In fact, however, the interconversion rates are not zero, so the scientific questions become: How can these extremely slow rates be measured, and how can these rates be explained by theory? On page 1938 of this issue, Sun et al. (2) present answers to both of these questions in the case of the ethylene molecule.
In the case of hydrogen, it is well known that rotational levels with even and odd J quantum number belong to the para (where the nuclear spins are aligned in opposite directions and I = 0) and ortho (the spins are parallel and I = 1) nuclear spin modifications, respectively (I is the total nuclear spin angular momentum of the two H nuclei). Furthermore, nearly pure para-H 2 can be readily prepared by cooling hydrogen to low temperature on a paramagnetic catalyst as initially shown by Bonhoeffer and Harteck in 1929 (3). Once prepared, a para-H 2 sample can be preserved for months at room temperature in a glass container without converting to ortho-H 2 . This remarkable stability of a single spin modification was ascribed by Wigner to the smallness of the nuclear spin interaction term that mixes ortho and para states (4).
Spin modifications are relevant also for polyatomic molecules with two or more identical and equivalent nuclei. Thus, for example, H 2 O, H 2 CO, etc., have ortho (I = 1) and para (I = 0) species; NH 3 , CH 3 F, etc., have ortho (I = 3/2) and para (I = 1/2) species; and CH 4 has ortho (I = 1), meta (I = 2), and para (I = 0) species. More complicated molecules such as C 2 H 4 have more than three spin modifications, and their symmetry is used to label different spin modifications, as reported by Sun et al. (2) . Polyatomic molecules have faster interconversion rates than H 2 , not because their magnetic interactions are larger but because their rotational levels are closer. This is particularly true for spherical-top molecules in which levels are clustered and some levels with different spin modifications are very close. Thus, Ozier et al. observed a spectrum between ortho and para CH 4 , by shifting an ortho level close to a para level with a magnetic field, and determined the small mixing term (5) . For a heavy spherical top like SF 6 with very high rotational level (J = 53), the levels are so close that Bordé and colleagues naturally observed transitions between different spin species (6) .
The theory for spin conversion in polyatomic molecules by collision was first formulated by Curl et al., who enumerated mixing terms in the spirit of Wigner's theory-that is, choosing those nuclear spin interaction terms that are invariant with respect to exchange of the entire sets of nuclear coordinates but are not invariant to exchange of spin coordinates alone (7). They identified levels belonging to different spin modifications that are accidentally close and surmised that interconversion occurs through those pairs of levels. The validity of the theory of Curl et al. has been demonstrated by a series of beautiful experiments by Chapovsky and his collaborators since 1980. They introduced the method of light-induced drift developed in the former Soviet Union (see the figure) and succeeded in separating ortho and para species of CH 3 F, the first such separation since H 2 and D 2 were separated several decades ago.
[Readers are referred to an excellent review by Chapovsky and Hermans (8) for more details of history, experiments, and theory of the field.] This is the technique used by Sun et al. in their studies.
The exciting aspect of the experiment by Takagi and colleagues. (2) is that ethylene, C 2 H 4 , has symmetry with higher dimension than that of other molecules so far studied,
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